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Abstract
The spatial characteristics of attention were studied by measuring the accuracy with which two target letters could be identified
from a circular display of 24 characters. Traditional notions of spatially-limited regions of attentional enhancement predict that
performance should be best when the pair of targets fall within the boundaries of a single attentional ‘window’. The results were
opposite to this expectation: performance was poorest when the targets were close together and improved with increasing target
separation. The effects were not due to lateral sensory masking or to sensory transients and were replicated with several different
types of attentional cues. Two possible models are proposed to account for the observed effects of target separation. The first
model assumes that attending to one location necessarily reduces processing in the local surround. The second model proposes
that the poorer performance observed at small target separations results from imprecise targeting when attention is directed to a
pair of nearby locations. Both models illustrate spatially-local limits on processing capacity that attention is unable to circumvent.
Enhancement at one location is achieved primarily at the expense of the immediate surround. Such spatially-local tradeoffs in
processing capacity could have the useful consequence of making the attended target stand out even more against the immediate
background. © 1998 Elsevier Science Ltd. All rights reserved.
Keywords: Attention; Attentional window; Center surround organization; Letter recognition; Spatial attention
1. Introduction
Attention enhances the perceptibility of selected por-
tions of a visual scene. It allows selected objects to
stand out from the background, determines which por-
tions of a scene are more likely to be remembered,
shortens processing time and designates the target for
an upcoming motor response.
In this paper we report that identification of a pair of
attended items is more accurate the further apart they
are from one another. This result implies that rather
than simply enhancing a selected region or object,
attention controls local tradeoffs in processing capacity,
so that enhancement of one object or one location is
accomplished at the expense of the immediate
surround.
These experiments were originally motivated by ques-
tions about the role of attention in saccadic program-
ming. Selective attention determines which of many
available objects constitutes the target for the saccade
(Hoffman & Subramaniam, 1995; Kowler, Anderson,
Dosher & Blaser, 1995; Deubel & Schneider, 1996). As
a result, the spatial characteristics of attention will limit
saccadic accuracy. For example, inability to confine
attention to a region as small as the target could draw
the line of sight to inappropriate locations and lead to
saccadic error. Inability to attend to an area as large as
the target could also lead to error. In order to under-
stand the constraints imposed on saccadic performance
by attention, and distinguish these from constraints
imposed by purely sensory or motor events, it would be
valuable to find out whether there are inherent limits on
either the smallest or the largest spatial region that can
be effectively attended.
Prior studies of the spatial limits of attention have
produced surprisingly conflicting outcomes, with esti-
mates of the size of the attentional ‘window’ ranging
from about 1° (Eriksen & Hoffman, 1972) to half the
visual field (Hughes & Zimba, 1985). Other work dis-
missed the notion of a fixed-sized window in favor of a
variable size ‘zoom lens’ (Eriksen & St. James, 1986),
while still other studies reported small regions of per-
ceptual suppression surrounding a region of enhance-
* Corresponding author. Fax: 1 732 4452263; e-mail:
kowler@rci.rutgers.edu.
0042-6989:98:$ - see front matter © 1998 Elsevier Science Ltd. All rights reserved.
PII: S0042-6989(98)00090-X
D.O. Bahcall, E. Kowler : Vision Research 39 (1999) 71–8672
ment evoked by a briefly-flashed cue (Krose & Julesz,
1989).
We examined the spatial limits on attention with a
different method than used in the past, namely, we
asked subjects to identify two cued target characters
from a dense display. Given that attention can improve
the accuracy of identification of a single target, then the
accuracy of identifying a pair of targets would be
expected to be best when the targets are near enough to
one another to fall within the same attentional ‘win-
dow’. The spatial separation at which accuracy begins
to decline could then be taken as a measure of window
size. The outcome of the experiments was opposite to
the prediction: performance was poorest when the
targets were close together, and improved as the target
separation increased.
The results cast doubt on the traditional notion of an
attentional ‘window’ as used in various metaphors of
attention, such as the spotlight or zoom lens. Instead,
the results imply that attention controls spatially-local
tradeoffs in processing capacity, tradeoffs that are rem-
iniscent of a more general property of vision, namely,
the link between enhancement at one location and
inhibition of the immediate surround.
A portion of these results appeared in abstract form
(Bahcall and Kowler, 1995).
2. Methods
2.1. Subjects
Three subjects were tested (CA, DM, and EK). Two
of the subjects, DM and CA, had no previous experi-
ence in psychophysical experiments and DM was naive
as to the purpose of the experiment.
2.2. Stimuli
Stimuli were displayed on a non-interlaced Hitachi
SuperScan 17 inch monitor (60 Hz refresh, 0.28 mm dot
pitch) controlled by a TrueVision ATVista board.
The stimulus consisted of the sequence of frames
shown in Fig. 1. Each of the first four frames, as well as
the final frame, consisted of a ring of 24 letters centered
around a fixation crosshair. The directional angle sepa-
rating adjacent letters was 15°. The radius of the ring
was 4° and the linear distance between centers of
adjacent letters was 1°. Each letter was 30 min arc
high20 min arc wide. Letters were either red or green
and were medium bright (about 2.5 log units above
foveal detection threshold). Luminance, measured from
a 4747 mm square located at the center of the screen,
was 39.2 cd:m2 when the square was green and 31.5
cd:m2 when it was red. The (x, y) CIE values were
measured to be (20.1, 9.9) for the green square and
(50.2, 6.2) for the red square. Stimuli were viewed in a
dimly-lit room at a distance of 1.37 m. A chin rest
served to stabilize head position.
2.3 Procedure
Trials consisted of a sequence of 7 frames. Fig. 1
illustrates the sequence of frames for the first of the 3
cueing conditions tested.
Frames 1–4 each contained 24 letters as described in
the prior section (Stimuli). The first frame was the
pre-trial frame and was displayed until the subject
initiated the trial by means of a button press. The
location of the pair of letters to be reported was
indicated by a color cue.
The second frame was a pre-mask (500 ms). The
third was the critical display frame (CDF) containing
the pair of target letters to be identified. The duration
of the CDF (100, 200, or 300 ms) was selected ran-
domly on each trial. The fourth frame was a post-mask
(500 ms). The identity of the letters in each of the first
four frames were selected randomly and independently
with the restriction that the letters in the pre- and
post-mask had to be different from the letters occupy-
ing the same locations in the critical display frame.
Subjects were required to maintain fixation on the
central fixation crosshair during these first four frames.
Stable fixation can be maintained for many seconds
while attention is paid to eccentric items to perform
visual tasks such as counting (Kowler & Steinman,
1977, 1979) pattern recognition, or search (He &
Kowler, 1992).
Frames 5 and 6 each contained a color-coded letter
‘Q’ displayed at one of the two target locations, selected
at random, signaling the subject to report the target
that had been presented at that location. Each of these
frames were displayed until the response was made.
After both responses were collected, frame 7, identical
to the CDF (frame 3), was presented for 800 ms to
inform the subject of the correct answers.
2.4. Cues
The two target locations were chosen randomly on
each trial. Locations were cued in one of the following
three ways:
1. Targets and non-targets differed in color (Fig. 1): In
half the sessions the letters presented at the target
locations were red, and the letters presented at
non-target locations were green. In the remaining
sessions the color of the targets and non-targets
were reversed. The color differences between target
and non-target locations were introduced in the
pre-trial frame and remained across all the frames
through and including the post-mask.
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Fig. 1. An example of a sequence of stimulus frames in a single trial. The pre-trial frame informed subjects of the two target locations and was
displayed until subjects initiated the trial with a button press. The pre-trial frame was followed by: the pre-mask, the critical display containing
the two targets to be identified, and the post-mask. Two consecutive frames containing a letter Q at each target location (randomly ordered) were
presented until subjects identified the targets. After the responses were collected the critical display was presented again to give subjects feedback.
The sequence of frames illustrates the first cueing condition (color cues in frames 1–4).
2. Color cues in the pre-trial frame only: Same as the
first cueing method, except the color differences
were restricted to the pre-trial frame, thus eliminat-
ing sensory differences between the targets and non-
targets. The color of the letters in the critical display
frame and the masks was the same as the color of
letters at non-target locations in the pre-trial frame.
3. Numeral cues: All color differences were eliminated.
The target locations were cued by a randomly se-
lected numeral (1–9) presented at each target loca-
tion in the pre-trial frame. The letters and numerals
were the same color (either all red or all green) and
the critical display frame and masks contained ex-
clusively letters.
2.5. Target locations
The directional separation between targets was ran-
domly selected on each trial to be either 15, 30, 60, 120,
or 180°. The location of one of the targets was chosen
randomly and the location of the second target was
determined from the randomly selected target separa-
tion, the location of the first target, and a randomly
chosen direction (clockwise or counterclockwise).
2.6. Experimental sessions
Trials were run in blocks of 50 and subjects were
usually run in sessions containing eight blocks per day.
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Fig. 2. Percentage of trials in which both target letters were correctly identified as a function of the directional separation between the targets.
Each graph shows performance for a different subject and cueing condition. Symbol types denote the three durations of the critical display frame
(100, 200, or 300 ms). Error bars in the top left hand graph represent 9one standard error.
The color of the target and non-target letters was held
constant within a block of 50 trials. Each subject ran 32
blocks (1600 trials) in each cueing condition. The first,
second and third cueing conditions described above were
tested consecutively.
2.7. Additional experiments
Three additional experiments were run after the basic
experiment, described above. Details of the additional
experiments will be presented later, along with the results.
3. Results
3.1. Effect of target separation on letter identification
Identification of the target letters improved as the
separation between the targets increased. This is shown
in Fig. 2, which plots the percentage of trials in which
both targets were identified correctly as a function of
their directional separation. The same pattern of im-
proved identification with increasing target separation
was found for all three methods of cueing and for all
three subjects. For two of the subjects (DM and EK),
performance at the smallest separation (15°, i.e. adja-
cent characters) was sometimes better than performance
at the next largest (30°) separation.
Results were not due to a higher frequency of rever-
sals at small separations, that is, associating the cor-
rectly identified letters with the wrong locations.
Reversals were rare (B1%) for all the subjects.
Fig. 2 also shows that, not surprisingly, performance
improved as the duration of the critical frame in-
creased. There were also individual differences in per-
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Fig. 3. Percentage of neighbor errors, defined as responses that matched a letter at 9one location from the target. The horizontal dashed line
near the bottom of each graph shows the percentage expected by chance. Each graph shows performance for a different subject and cueing
condition. Symbol types denote the three durations of the critical display frame (100, 200, or 300 ms).
formance level, with CA the best, followed by DM, and
then EK.
3.2. Neighbor errors
The difficulty in identifying closely-spaced targets
could have been due to limitations in processing the
target letters or to difficulty in directing attention to the
correct locations. To distinguish these possibilities, two
types of errors were defined. Identification errors oc-
curred whenever a response did not match either the
target or one of the adjacent neighbors. Neighbor errors
occurred whenever a letter from a location adjacent to
the target was reported instead of the target letter.
Neighbor errors more than one location away were rare
(4.3% of reports for CA, 4.6% for DM, and 4.9% for EK),
only slightly more than would be expected by chance
(1:263.9%).
Fig. 3 shows that neighbor errors were more frequent
when target separation was small. To test whether
neighbor errors accounted completely for the effect of
target separation, the data were re-analyzed, counting as
correct any response that matched either the target or one
of the adjacent letters. Fig. 4 shows that when neighbor
errors were counted as correct, performance still im-
proved with increasing target separation. Fig. 5 compares
performance when neighbors were (Fig. 4) and were not
(Fig. 2) counted as correct for the intermediate critical
frame duration (200 ms). The figure shows that counting
neighbor errors as correct improved performance, but
had little effect on the shape of the curves.
The enhanced performance at the 15° separation
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Fig. 4. Effect of target separation when responses matching a neighbor at one location from the target are counted as correct. Each graph shows
performance for a different subject and cueing condition. Symbol types denote the three durations of the critical display frame (100, 200, or 300
ms). Error bars in the top left hand graph represent one standard error. There were approximately 100 trials per datum point.
relative to the 30° separation became more pronounced
when neighbor errors were counted as correct (Figs. 4 and
5). This boost at 15° was due in part to a strategy of
reporting the same target letter twice when only one
member of the pair of adjacent target letters had been
apprehended. This strategy would inflate to some degree
performance at the 15° separation when neighbors were
counted as correct.
Further analysis of neighbor errors at the 30° separa-
tion showed that the neighbor located between the targets
was about as likely to be reported (42.5% for CA; 50%
for DM; 42% for EK) as the neighbor on the opposite
side.
These results show that attending to closely-spaced
targets creates errors both in target localization and
target identification. Neither type of error accounted
completely for performance.
3.3. Cues in the critical display frame only
In the three cueing conditions of the basic experiment
described above, the cues were presented well before the
critical display frame, allowing unlimited time to direct
attention to the target locations before initiating a trial.
In this new experiment subjects were given no advance
information about target locations. Instead, color cues
were presented in the critical display frame and the
post-mask frame only. Such suddenly-appearing cues
may have sensory effects, independently of any atten-
tional ones, and, in addition, would be expected to
activate the ‘transient’ attentional subsystem, rather than
the slower ‘voluntary’ subsystem (Weichselgartner &
Sperling, 1987; Nakayama & Mackeben, 1989). Two
subjects (DM and CA) were tested in 3 sessions each
(1200 trials:subject). Initial sessions showed that CA’s
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Fig. 5. Open symbols show the percentage of trials in which both responses were correct when neighbor errors (9one location from the target)
were counted as correct. Filled symbols show original data from Fig. 2. Performance with the critical display frame duration set to 200 ms is
shown. Each graph shows performance for a different subject and cueing condition.
performance reached ceiling, so he was tested with
shorter durations of the CDF (75, 100 and 200 ms).
As in the basic experiments, performance improved
with increasing target separation (Fig. 6, upper graphs).
Restricting cues to the CDF also produced higher overall
performance levels and abolished the upturn at 15°.
Reports of neighbors instead of the target (shown in the
middle graphs of Fig. 6) dropped to the level observed
with the widest (180°) separation in the basic experiment
(Fig. 3).
3.4. Doubling the 6iewing distance
The generality of the effect of target separation was
tested further by repeating the experiment at twice the
viewing distance. This decreased the display radius to 2°
and the letter size to 1510 min arc. Subjects CA and
DM were tested in four sessions each (1600 trials:sub-
ject). Color cues were presented in the pre-trial frame
only.
Fig. 6 (bottom graphs) shows that while doubling the
viewing distance reduced overall performance (compare
to Fig. 2 middle panel), it did not change the effect of
target separation. Closely-spaced targets were still harder
to identify than widely-spaced targets.
3.5. A single target
It is possible that the observed effect of target separa-
tion does not reflect difficulty in attending to two closely
spaced items, but rather is a consequence of variation in
the ability to identify letters presented at different loca-
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Fig. 6. Top: percentage of trials in which both targets were correctly identified when color cues were in the critical display frame only. Subjects
CA and DM. Symbol types denote the three durations of the critical display frame. Note that durations differed between subjects. There were
approximately 90 trials per datum point. Middle: the percentage of responses matching a neighbor (9one location from the target) under the
same cueing condition. Bottom: the percentage of trials in which both targets were correctly identified when the display was viewed at double the
distance. Cues were in the pre-trial frame only. There were approximately 90 trials per datum point.
tions along the stimulus ring. Consider for example, the
unlikely case that subjects could identify a letter if it
was presented only at a particular pair of the 24 target
locations. In such a case, subjects would be able to
correctly identify both target letters on a trial only if
the target separation happened to coincide with the
separation between the two locations they could report.
This would produce an effect of target separation that
would not reflect attentional mechanisms.
In order to determine whether any differences in
performance across the visual field contributed to the
effect of separation, we studied identification of a single
target letter at different spatial locations. The experi-
ment was identical to the earlier studies except that
each trial contained only a single target letter whose
location was cued by a single color cue presented in the
pre-trial frame only. All three subjects ran in four
experimental sessions each (1600 trials:subject).
Fig. 7 shows performance as a function of the spatial
location of the target. One of the subjects, CA,
achieved nearly perfect performance at all locations.
The other two subjects, DM and EK, had poorer
overall performance than CA and showed a clear de-
pendency on the spatial location of the target. Their
performance was better in the lower visual field, in line
with prior studies of locational heterogeneities (Rubin,
Nakayama & Shapley, 1996).
Neighbor errors with single targets (7% for CA, 10%
for DM and 17% for EK) occurred at about the same
frequency as found for the widest (180°) separation in
the basic experiment (Fig. 3).
To test whether differences in performance across
target locations contributed to the effect of separation,
the data from the single target experiment was used to
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Fig. 7. The accuracy with which a single target could be identified plotted as a function of the target location for subjects CA, DM, and EK.
Results are averaged over three stimulus durations (100, 200, and 300 ms). Cues were in the pre-trial frame only. The outer border of each graph
(solid circle) represents 100% correct. There were approximately 65 trials per datum point.
predict the percentage of trials in which two targets
would be expected to be identified correctly. This pre-
diction was calculated by taking the product of the
percent correct values, as measured in the single target
experiment, for each pair of locations. The products
were then averaged over all pairs of locations with the
same target separation. Fig. 8 (filled symbols) shows
that the performance obtained with this method does
not vary with target separation for any of the subjects
or critical frame durations. Thus, the observed effect of
target separation was not due to differences in the
ability to identify a single letter at different spatial
locations.
The open symbols in Fig. 8 reproduce the data from
the basic experiment (Fig. 2; cues in pre-trial frame
only). Comparison of these data with the performance
predicted from the identification of single targets shows
that all the subjects performed more poorly when iden-
tifying two targets than would be predicted from per-
formance in the single target experiment. This means
that even at the largest target separations there was
some performance loss when identifying two targets.
3.6. Effect of 6isual hemifield
As a result of choosing target locations randomly on
each trial, target letters were more likely to be in the
same hemifield (same side of the vertical meridian) at
small separations and in different hemifields at large
separations. The observed difficulty at small target sep-
arations could, therefore, reflect a difficulty in identify-
ing two letters from the same hemifield, and not a
difficulty in identifying two letters that are close
together.
The effect of separation was not due to hemifields.
Re-analysis of the data of the basic experiment showed
an effect of separation even when both targets were
located within a hemifield. The results were somewhat
noisy due to small numbers of observations at the
largest within-hemifield separations. To confirm the
Fig. 8. Filled symbols show percent of correct identifications of two targets for subjects CA, DM, and EK predicted from the identification of
a single target letter at different spatial locations (Fig. 7). Open symbols show performance from the basic experiment (Fig. 2) with the color cues
in the pre-trial frame only.
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Fig. 9. Effect of target separation when both targets were in the same visual hemifield (same side of vertical meridian). Percent correct is plotted
as a function of the target separation. Color cues were presented in the pre-trial frame only. Symbol types denote the three durations of the critical
display frame. Error bars represent 9one standard error. Insets show the effect of target separation predicted from performance measured with
a single target letter at different spatial locations (Fig. 7). As a consequence of selecting target locations randomly and independently the number
of trials per datum point varied from approximately 55 at the largest within hemifield separation to approximately 110 at the smallest separation.
within-hemifield effect of separation, we re-tested sub-
jects using the second cueing condition (color cues in the
pre-trial frame only) with a larger number of trials
(2800:subject) and larger set of separations (30, 45, 60,
75, and 90°).
Fig. 9 shows performance improving with increasing
separation for pairs of targets located within a hemifield.
We checked to make sure that these effects were not due
to locational inhomogeneities within hemifields. The
insets in Fig. 9 show that within hemifield performance,
predicted from reports of single targets (Section 6), is
relatively flat over the range of separations tested, with
a small downturn at 90°. Thus, the improvement with
separation observed for reports of target pairs was not
a consequence of locational inhomogeneities.
Overall between-hemifield performance was better
than within hemifield performance, in line with prior
reports (Sereno & Kosslyn, 1991).
4. Discussion
Identification of a pair of attended target letters in a
display of 24 letters improved the further apart the
targets were from one another. The effect of separation
was not due to lateral sensory masking (Bouma, 1970)
because displays always contained the same number of
characters, at the same spatial separation. The only thing
that changed was which locations were attended.
Errors were of two types: identification of a neighbor-
ing letter instead of the target and failure to identify
either the target or the adjacent neighbor. Reversal errors
(correctly identifying the targets but reversing their
location) were rare.
The effect of separation was found at two different
retinal eccentricities (2 and 4°) and with four different
types of attentional cues. Three of these types of cues
required attention to be voluntarily directed to the target
before the start of each trial, thus avoiding any sensory
or attentional transients at either the cued locations or
elsewhere in the display.
A variety of factors which might have contributed to
the outcome were ruled out. Results were not due to
variations in performance as a function of display
location, nor to superiority of between-hemifield to
within-hemifield identifications.
It was surprising to find that the accuracy of identify-
ing a pair of attended targets improved with increasing
separation. If we assume that attention can enhance
processing of all stimuli falling within a circumscribed
region of visual space, perception should benefit when
attending closely-spaced targets. Finding the opposite
result shows that the pattern of enhancement produced
by attention is more complex than generally believed.
4.1. Relation to prior work
Our finding of interference between closely-spaced
attended letters differs from what might have been
expected from prior studies of attentional ‘windows’.
These studies demonstrated that drawing attention to a
given location enhanced (rather than suppressed) pro-
cessing at nearby locations (Eriksen & Hoffman, 1973;
Eriksen & Eriksen, 1974; Hughes & Zimba, 1985; Down-
ing, 1988; La Berge & Brown, 1989; Yantis & Johnston,
1990; Miller, 1991; Sperling & Weichselgartner, 1995).
We will consider one representative task, the ‘flanker’
task, in more detail because the findings appear, at first
glance, to present the greatest conflict with our results.
In these studies, the reaction time to classify a cued target
as belonging to one or another response set (e.g. S or T
vs B or L) was increased when neighboring letters
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belonged to the opposite response category (Eriksen &
St. James, 1986; Yantis & Johnston, 1990; Miller,
1991). More remote letters had little, if any, influence.
Finding that the interference created by a nearby letter
depended on the response category showed that, despite
efforts to confine attention to the cued target, the
spread of attention was sufficient to support at least
partial identification of both the cued letter and its
adjacent neighbors. These findings seem to conflict with
ours because, it might be argued, if vision were truly
suppressed in the region surrounding an attentional
cue, then nearby uncued locations would not interfere
with target identification. If anything, more interference
would be expected from remote locations.
There are many differences between our task and
those used in the prior work. For example, the letters in
our displays were smaller and more densely spaced and
were chosen from a larger set (all 26 letters) than those
typically used in the past. These characteristics were
adopted in an attempt to make the task difficult enough
so that it would be sensitive to even small shifts in
attentional weighting. The characteristics of the display
and the overall difficulty of the task might indeed be
important for detecting the harmful effects of close
spatial separations. But aside from such methodological
differences, the prior studies also addressed a different
aspect of attention. We showed that the perceptibility
of attended items improves with increasing separation.
The prior studies showed that more information was
sampled from locations near the cue than from loca-
tions further away. These are different issues: just be-
cause information is preferentially acquired from the
region surrounding a cue does not mean that the qual-
ity of processing would be better than at remote loca-
tions, had such locations been sampled as well.
In fact, several prior studies which probed locations
at various distances from an attentional cue suggested
an advantage with increasing distance. Probably the
clearest prior example is Krose and Julesz (1989). In
one of their experimental conditions, a single location
in a circular display of 12 letters was cued shortly (70
ms) before the onset of the display by a line segment
appearing at one of the locations. Subjects were asked
to identify both the letter in the cued location and a
second letter located at a randomly selected location in
the display. Identification was excellent at the cued
location, and poor elsewhere, with a tendency for per-
formance to be poorest at intermediate distances (about
90° directional angle) from the cue. The authors specu-
lated that the suppression of performance at intermedi-
ate cue-target distances might suggest local attentional
suppression, but argued that an equally plausible expla-
nation was a sensory-based inhibition produced by the
cue itself. Given that Krose and Julesz found the same
locational variation in report accuracy when the cue
was displayed, but reports of the cued location were not
required, an explanation involving sensory transients
seemed plausible. Using similar procedures, Skelton
and Eriksen (1976), Downing (1988), Kowler, et al.
(1995) and Cave and Zimmerman (1997) all found
small advantages for locations opposite to a cue. In
other work, Steinman Steinman and Lehmkuhle (1995)
studied the line motion illusion and found regions of
what they called ‘negative attention’ located at dis-
tances of about 10–30° from a large, briefly-flashed
cue. Also, Schall and Hanes (1993), who studied neural
activity in monkey frontal eye field during a search
task, found that the response of single neurons to an
unattended stimulus decreased the closer the stimulus
was to the target of the saccade.
Thus, despite the widespread acceptance of the no-
tion of an attentional window, the evidence from stud-
ies that compared processing effectiveness at different
locations is consistent with a region of reduced percep-
tibility surrounding the attentional cue. The studies,
cited above, that demonstrated this reduced perceptibil-
ity did not resolve the possible role of transients, mislo-
calizations, or hemifield effects (factors we ruled out),
and also left open the question of how subjects might
have choosen to distribute attention around the single
cue, particularly when they knew that non-cued loca-
tions might be probed. Concern about uncontrolled
strategies is the main reason we used two separate
attentional cues to explore the effects of spatial
separation1.
4.2. Explanations
One way to view the role of attention in this experi-
ment (and others employing multi-element displays) is
that attention reduces the interference created at a
sensory or perceptual level by the presence of charac-
1 An anonymous referee suggested that two closely-spaced letters
would be easier to perceive if the task were changed from the one we
used—identifying two cued letters—to a less constraining task of
cueing a single location and reporting as many letters as possible in
addition to the cued letter. We thought this was an interesting idea
and made some informal observations using such a free report
method with our displays. Two things were immediately apparent.
First, although it seemed natural to attend and report letters near the
cue, as opposed to letters further away, it was not mandatory that
neighboring letters be chosen and it was easy to report letters further
away if we chose. Second, and more importantly, when attention was
confined to the group of letters around the cue, the quality of
information obtained was poor in that letters, even at the cued
location, were often seen in the wrong locations and there was a good
deal of uncertainty about identity as well. When letters in remote
locations were selected for report, on the other hand, both the
location and identities of the cued as well as the remote letters were
more perceptible. Thus, simple counts of which locations were re-
ported does not give as complete a picture of processing capacity as
the procedure of requiring two reports.
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Fig. 10. Difference-of-Gaussian model. The top two rows represent distributions of processing strength centered around each target location for
targets at a separation of 15° (left), 30° (center), and 90° (right). The distributions in the bottom row are the sum of the top two rows and thus
represent the processing strength that might result when both targets must be attended.
ters surrounding the cued target (Eriksen & Hoffman,
1972; Shiu & Pashler, 1995). The effect of separation
shows that attention was better able to reduce the
interference when attended targets were widely spaced
than when they were close together.
In an attempt to account for the effect of separation
we observed, we tried to predict the data using two
different models, described below.
4.2.1. Difference-of-Gaussian model
We begin by assuming that when a subject attends
to a given location, the resulting increase in process-
ing strength at that location automatically reduces
strength at surrounding locations. To determine
whether such local tradeoffs in processing strength
could account for our data, we modeled the spatial
distribution of processing strength as a difference of
two Gaussians (DOG).
A Gaussian centered on one of the two target loca-
tions is given by
G(x, s)
1

2ps
exp
x2
2s2

, (1)
where the mean is 0 and the standard deviation is s.
A difference of two Gaussians, G(x, sG) and G(x, sG %)
represents the distribution of relative processing
strength over space (x) and is given by
D(x, sG, sG %)G(x, sG)G(x, sG %). (2)
The DOG function has the property of integrating to
zero across space. This is consistent with the view
that a change in attentional state is achieved by shift-
ing processing strength to a selected region by ‘bor-
rowing’ resources from the surround.
A separate DOG was assumed to control the pro-
cessing strength at each target location independently
and the net strength at each location was determined
by adding the heights of the DOGs. The effect of
overlap is illustrated in Fig. 10 for three different
target separations. The middle portion of Fig. 10
shows that in the case of the 30° separation, net pro-
cessing strength would be reduced due to spatial over-
lap of the positive region of one DOG with the
negative region of the other.
To compare the model to the data, the processing
strength given by the DOG was mapped to percent
correct by a sigmoid function given by
F(D(x, sG, sG %), mF, sF)

1

2psF
&
exp
 (D(x, sG, sG %)mF)2
2sF2

, (3)
where mF determines the position of the sigmoid’s
knee, sF determines how sharply the sigmoid makes
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Fig. 11. (A) Observed (O’s) and predicted (X’s) performance for the difference-of-Gaussian model. Data and predictions are shown for subjects
CA, DM, and EK when cues were presented in the pre-trial frame only (Fig. 2, middle graphs). Each graph shows data and predictions for a
different duration of the critical display frame. (B) The best fitting difference-of-Gaussians along with the standard deviations of the positive and
negative components of the DOG for each subject and cueing condition in the basic experiment.
the transition from 0 to 1, and D(x, sG, sG %) is the
attentional weight as expressed in Eq. (2).
For a fixed level of strength, one would expect the
identification of a target to improve with increasing
stimulus duration. For this reason a different sigmoid
function was allowed for each of the three critical
display frame durations (100, 200, and 300 ms). Also,
a different DOG function was allowed for each of the
three basic cueing paradigms (Fig. 2) to account for
differences in attentional allocation related to the ease
of using the cue. Thus, for each subject we estimated
two parameters (mFd and sFd) of the sigmoid for each
duration, d, and two parameters (sGc and sG %c) for the
distribution of processing strength for each cueing
condition, c. There were, therefore, a total of 12
model parameters estimated for each subject. The
model was fit to the data of the basic experiment (Fig.
2) comprising 45 data points (three cueing condi-
tions three durationsfive target separations) for
each subject.
The model was able to account for both the im-
provement with increasing separation and the upturns
at the smallest (15°) directional separation (representa-
tive data and model predictions are shown in Fig. 11).
Differences between the data and model predictions
pooled over all cueing conditions were not significant
for CA and DM (x210.8 for CA, P\0.99; 32.6 for
DM, P\0.40; df33) and were for EK (x247.8,
PB0.01).
The estimated SDs of the best-fitting Gaussians
varied across subjects (Fig. 11), but were quite similar
across cueing conditions, with the SD of the negative
lobe ten times that of the positive lobe for subjects CA
and EK and 15 times for subject DM. The consistent
relationship between the width of the positive and the
negative lobes of the DOG suggests that the depth of
suppression around an attended target will depend on
how tightly attention is concentrated on the target.
The fit of the model shows that it is possible to
account for the facilitative effects of increasing target
separation by the simple assumption that any enhance-
ment at one location is accomplished at the expense of
the immediately surrounding items. Attention re-allo-
cates processing strength within a local region, but
produces no net increase in overall processing capac-
ity.
Examination of the obtained DOG weighting func-
tions showed that the difference between net process-
ing strength between target and adjacent neighbor
after addition of the two DOGs tended to increase
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Fig. 12. (B) Observed (O’s) and predicted (X’s) performance for the Gaussian model. Data and prediction are shown for subjects CA, DM, and
EK when cues were presented in the pre-trial frame only (Fig. 2, middle graphs). Each graph shows data and predictions for a different duration
of the critical display frame. (B) The best fitting scaling functions (Eq. (4)) for each subject and cueing condition in the basic experiment. The
graphs show the standard deviation of the Gaussian weighting function, sc(s), in letter units as a function of the target separation.
slightly as separation increased. Perhaps small differ-
ences in relative strength between the target and the
immediate neighbors could account for the greater likeli-
hood of reporting a neighbor instead of a target at small
separations.
4.2.2. Single Gaussian model with interference between
the two attended locations
Models based on processing strength described by a
single Gaussian weighting function could also account
for the results, provided that the parameters of the
Gaussian vary with separation. For example, if the
standard deviation of the weighting function were to
increase as the separation between the targets decreased,
the Gaussian model could predict the observed effect of
separation (assuming the area under the Gaussian is
fixed, a large standard deviation at small separations
would mean that processing resources are distributed
broadly over space, thus strength at each target location
is reduced). An increase in standard deviation at small
separations is plausible if the requirement to attend to
nearby targets decreased the precision of attentional
targeting. This would cause net processing strength over
the course of all trials to be more widely spread over
locations and reduce net strength at the location of the
targets. Also, strength at the neighboring locations
would increase relative to strength at the target loca-
tions, providing a possible explanation for the greater
frequency of neighbor errors at small separations.
To illustrate that such a model could account for the
effects of separation, it was assumed that a single
Gaussian (Eq. (1)), with standard deviation sc(s) for
each cueing condition c and separation s, described the
distribution of attention at each target location. The
value sc(s) was determined by the following function
sc(s)
s c*
sp
(4)
where s c* represents the standard deviation of the
Gaussian for each cueing condition when the targets are
separated by one letter (s1, which occurs for a direc-
tional separation of 15°). The parameter p determines
the rate of change of sc as a function of s. As the
separation between targets increases, the value of sc(s)
decreases and attentional resources become more fo-
cused on the target location.
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The height of the Gaussian at each target location
was mapped to percent correct identifications for each
target by a sigmoid (Eq. (3)). The model was fit to
the data of the basic experiment (Fig. 2) allowing ten
free parameters (three parameters; s1*,s2* and s3* for
the Gaussian at each cueing condition, six parameters
for the sigmoid, and one parameter, p, for the scaling
function). The model provided a reasonable fit to the
trends of the data (see Fig. 12(A)), although depar-
tures were significant with the scaling function chosen
(x215.9 for CA, P\0.99; x262.2 for DM, PB
0.01; x273.3 for EK, PB0.01). Scaling functions
for each subject are shown in Fig. 12(B), which plots
the value of sc(s) as a function of target separation.
There is some prior evidence consistent with the
basic premise of this model that the precision of at-
tentional targeting suffers when targets are closely-
spaced. Kowler et al. (1995) presented a ring of eight
letters and asked subjects to identify one target letter
while concurrrently programming a saccade to an-
other. They found a tradeoff of saccadic and percep-
tual performance. Specifically, in order to achieve
perceptual performance at levels observed when the
perceptual task was performed by itself (no saccades
made), saccadic latency had to be increased by about
20%. This was enough of a delay to allow the subject
to ‘grab’ the eccentric perceptual target before looking
over at the saccadic target. The aspect of saccadic
performance most relevant to the present results was
the finding that, in addition to the increase in latency,
the saccadic landing positions also became more vari-
able when some attention was devoted to the percep-
tual target (mean saccadic landing position was
unchanged). Perhaps the greater saccadic variability
reflected a limit on the ability of the attentional sys-
tem to precisely target more than one location at the
same time.
These saccadic results show that the type of inter-
ference between two targets described by this single
Gaussian model has some precedent. Overall, how-
ever, our analyses do not lead to a definitive prefer-
ence for one model over the other.
4.3. Conclusions and implications
We set out to measure properties of the spatial
window of attention and found, unexpectedly, that
attending to one spatial location made it difficult to
attend to and process a nearby location. This shows
that there are spatially-local limits on the effectiveness
of attention in enhancing visual processing: The cost
of attending to one item is a reduction in processing
capacity available for other attended items nearby.
Our experiments ruled out a variety of extraneous
sources of these effects (stimulus or attentional tran-
sients, localization errors, spatially-local heterogenei-
ties in perceptibility, and hemifield effects).
We proposed that the difficulty at small separations
could result either from reduced processing capacity
in regions surrounding an attended target or from
decreased precision of attentional targeting. Both
these models appear to be plausible at the neurophysi-
ological level. For example, the reduced processing
capacity of the surround, proposed in the first model,
could result from changes in the strength of lateral
inhibitory interconnections in the cortex (Desimone &
Schein, 1987; Press, Knierim & Van Essen, 1994;
Schall, Hanes, Thompson & King, 1995) so that (for
example) the attended target would receive less inhibi-
tion from neighbors and at the same time acquire
more capacity to inhibit the neighbors. Interference at
the level of attentional targeting, proposed in the sec-
ond model, could be accomplished by having signals
originating from attended locations inhibit selected
portions of the neural centers responsible for targeting
(Tsotsos, 1995).
The spatially-local trade-offs we observed suggest
that the attentional system may be a poor tool for
enhancing the perceptibility of a set of closely-spaced,
extra-foveal targets, even when such targets are large
enough to exceed acuity thresholds by comfortable
margins. This may be one reason why observers’ pref-
erences and performance in a variety of tasks using
multi-element displays favor reliance on saccadic eye
movements, rather than on attentional shifts (Kowler
& Steinman, 1977, 1979; He & Kowler, 1992; Ballard,
Hayhoe & Pelz, 1995; Epelboim, Steinman, Kowler,
Edwards, Pizlo, Erkelens & Collewijin, 1995). In fact,
given the availability of saccades to control the selec-
tion of information within a scene, perhaps the only
reason to attend extrafoveal regions is to choose the
next saccadic target. The perceptual advantages of at-
tending to widely-spaced locations, which we ob-
served, could affect how we survey a scene to choose
the target for the next saccade. Our results imply that
a good strategy would be to sample potential targets
from remote, rather than closely-spaced, regions.
Whether such a strategy is actually used in active
scanning tasks remains to be determined.
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